Abstract: Polypropylene/poly(ε-caprolactone) (PP/PCL) blends were prepared by melt mixing. The thermal behaviour of the blends was investigated using differential scanning calorimetry (DSC) and dynamical rheology in the solid state (RSA). Both non-isothermal and isothermal crystallizations were performed. The Avrami equation was applied to the latter case. DSC and RSA results demonstrated in agreement with morphological observations that PP/PCL blends are immiscible in the whole composition range. PP acts as a nucleating agent for PCL, and when PP forms the disperse phase, it crystallizes in a fractionated fashion. When PCL is the disperse phase, it exhibits an unexpected melting point depression after cooling at 10 °C/min. Such depression was not observed after isothermal crystallizations, indicating that under non-isothermal crystallization kinetic problems show up. Thus, global crystallization is governed by a competition between nucleation and diffusion, which depends on crystallization conditions and composition.
Introduction
Preparation of polymer blends has been extensively used to obtain new materials with useful properties. Usually, polymer blending is performed to reduce costs, to prepare materials with specific properties, to develop products with improved properties or to recycle industrial polymers. Unfortunately, most polymer blends are immiscible. Thus, it is imperative to have a good interfacial adhesion between the components to generate compatibility [1] . Although many commercial polymers are semicrystalline, studies on both crystallization and morphology of immiscible polymer blends containing at least one semicrystalline component are relatively scarce, especially if a polar component is involved [2, 3] . The properties of semicrystalline blends depend strongly on their crystallinity, crystalline morphology and degree of dispersion. Several phenomena that influence the crystallization behaviour of the system have been reported. Among these phenomena, the following can be mentioned: nucleation and epitaxial crystallization [4] [5] [6] [7] [8] , migration of heterogeneities from one phase towards the other [9, 10] , fractionated crystallization [11, 12] , rejection, engulfing or deformation of the dispersed phase by the growing superstructures of the matrix [13] [14] [15] , and induction of crystal modifications [16] . Although crystallizability of the components induces immiscibility in the solid state in most cases, if a good stress transmission through the interfaces is achieved, improved materials can be obtained.
Polypropylene (PP) has become one of the most important polyolefines because of its low cost and versatility of use from commodity to engineering applications [17] . However, PP exhibits some drawbacks due to its low surface energy, lack of reactive sites, difficulty to dye, weakness as a barrier to oxygen, a low impact resistance, especially at temperatures near to its glass transition (T g ≈ -5°C) and poor compatibility with other polymers. On the other hand, a semicrystalline aliphatic polyester like poly(ε-caprolactone) (PCL) is a very interesting material because its miscibility with a variety of polymers, printability, non-toxicity, processability and high impact resistance at temperatures near 0°C [18] . In spite of their immiscibility, the mixing of PCL with polyolefines has some advantages that could be very important for packaging and fibre applications [19] [20] [21] [22] . Improvement of the tensile and impact resistance at low temperature, reduction of the processing energy, improvement of the printability, dyeability and sealing strength can be mentioned. Nevertheless, there are few reports in the literature on this kind of blends. Most of them have focused in the study of 'biodegradable' polymers [20, [23] [24] and very important features like thermal behaviour, morphology and compatibility have not been considered in detail. With respect to the physical properties of PCL/polyolefin blends, the works of Koleske et al. [28] and Kalfoglou can be mentioned [19] . Koleske et al. observed that the addition of PCL affected the α relaxation of low-density polyethylene (LDPE). The shift of such relaxation to higher temperatures indicated that PCL restricts the mobility of the PE crystals due to interactions whose origin could not be established. Kalfoglou, on the other hand, showed that the addition of PCL to PP produces a shift of the PP glass transition to higher temperatures. The epitaxial crystallization of PCL on PE crystals has also been reported with the peculiar effect of an increase of the PE melting point, which could not be satisfactorily explained [26] . Mechanical tests performed by Kalfoglou et al. [27] showed that the PCL/LDPE blend system exhibits mechanical compatibility in the composition extremes and increased crystallinity of PCL. PE is also affected, but the authors do not explain the reason for this behaviour. Small changes observed in some WAXS reflections have also been observed and attributed to a non-usual association in the crystalline state [28] .
This study investigates in detail the thermal behaviour of PP/PCL blends, with special attention to those blends with PCL minority. Both non-isothermal and isothermal crystallization processes were employed. In the latter case the Avrami equation was used for the analysis. Calorimetric results are supported by microscopic observations.
Experimental part
The polymers used in this work were polypropylene homopolymer (PP J700) kindly supplied by Propilven C.A., and poly(ε-caprolatone) (PCL TONE-787), which was purchased from Union Carbide. The PP has a melt flow index of 11 dg/min according to ASTM D-1505 and a density of 0.91 g/cm 3 . The PCL has a melt flow index of 0.5 and 60 dg/min at 80 and 190°C, respectively, a density of 1.15 g/cm 3 and a weightaverage molecular weight M w of 120 000.
The blends and pure homopolymers were prepared by melt-extrusion. Mixing was performed in a laboratory scale screw extruder at temperatures in the range 170 -190°C in the die and in the barrel zone, depending on blend composition. The residence time in the barrel was about 5 min. Each blend was processed twice to guarantee homogeneity. Finally, the blends were palletised.
Samples for differential scanning calorimetry (DSC) were compression-moulded. The moulding was performed between Kapton ® sheets at 170°C for PCL and at 180 -200°C for the blends. Small disc samples were cut (10 ± 1 mg) from the compressionmoulded sheets and encapsulated in aluminium pans. A Perkin-Elmer PYRIS-1 was used to study the thermal behaviour of all compositions under ultra high purity nitrogen atmosphere. The instrument was calibrated with cyclohexane and indium. 'Standard' scans were performed by heating the samples at 190°C for three minutes, then they were cooled down to -10°C at 10 °C/min and finally were heated from -10 to 190°C at 10 °C/min.
For isothermal crystallizations in the DSC, the crystalline history of each sample was erased by holding it for three minutes at 190°C for the PP/PCL blends and PP homopolymer, and 120°C for the pure PCL. Then, a fast cooling (60 °C/min) down to a crystallization temperature T c was performed. At that temperature the sample was held for a time t c , which we selected to be five times the time to reach the crystallization minimum at that T c . Finally, the sample was heated at 10 °C/min up to 150°C. This procedure was repeated at least for six temperatures for each sample.
To determine the glass transitions of the samples, sections of 0.6 cm x 5 cm were cut from 1 mm thick films. The measurements were then performed in a Rheometrics Solid Analyser RSA at a frequency of 1 Hz, using a 'dual cantilever' geometry in the temperature range -100 to 120°C.
A Zeiss MC-80 polarizing optical microscope equipped with a Linkam-TP91 hot-stage was used to investigate superstructure formation in isothermally crystallized samples. The samples (≈ 3 µm thick) were cut in a Reichert-Jung microtome at -120°C. For the experiments, the sections were held in the melt for five minutes and quenched down to the chosen crystallization temperature, T c , which was varied from 39 to 47°C.
To evaluate the dispersion of the blends, they were treated at 190°C for three minutes and then they were slowly cooled. The treated samples were fractured in liquid nitrogen and the fracture surfaces were gold-plated. The observation of the surfaces was conducted in a Hitachi S-5000 scanning electron microscope.
Results and discussion
Fractionated crystallization of the disperse PP phase Fig. 1 presents a general view of the cooling and heating scans obtained for selected polypropylene/poly(ε-caprolactone) (PP/PCL) compositions and the corresponding homopolymers. One of the advantages of this system is the very well differentiated location of thermal transitions associated to each polymer. While PCL crystallizes and melts at 30.4 and 56.0°C, PP crystallizes and melts at 114.7 and 161.6°C, respectively.
The thermal behaviour of the PP fraction in blends with high PP content does not show significant changes on cooling compared to pure PP. However, those blends with minority PP (< 50%) exhibit a peculiar PP crystallization behaviour. In addition to the usual exotherm (A) at 114.7°C, blend PP/PCL 30/70 shows small exotherms at about 95°C (B), 72°C (C) and 52°C (D). Furthermore, exotherm (A) disappears completely in those blends with PP contents ≤ 10%. This indicates, as has been previously reported by other authors [11, 12, [29] [30] [31] [32] , that the usual heterogeneous nucleation of the PP component is nearly completely suppressed as indicated by the marked decrease in the crystallization enthalpy in the temperature region where the PP homopolymer crystallizes. From scanning electron micrographs (SEM) obtained from these samples (see an example in Fig. 2 ) it could be determined that the number of PP droplets for the different compositions is of the order of 10 9 particles/cm 3 . On the other hand, polarized optical microscopy experiments have shown that the PP used here contains approximately 9 · 10 7 heterogeneities/cm 3 . Therefore, the multiple crystallization behaviour of the minority PP fraction can be attributed to a fractionated crystallization phenomenon due to the confinement of PP in the PCL matrix.
The confinement produces a number of PP droplets, as a dispersed phase, that is higher than the number of most active heterogeneities usually present in the PP. Thus, each peak is caused by a heterogeneity (A, B or C) with different nucleating activity towards the PP. With respect to peak D, the big supercooling observed indicates that this fraction is being homogeneously nucleated. A detailed quantitative analysis of this phenomenon will be subject of a forthcoming publication [33] . We will now focus our attention to the also peculiar behaviour of the PCL fraction in all compositions. In order to analyze the thermal behaviour of the PCL fraction, Fig. 3 shows the DSC cooling scans in the temperature range 15 -45°C. The dotted line indicates the peak crystallization temperature of the PCL homopolymer, T c = 30.4°C, to be used as reference. It is evident from the thermograms that there is a shift of the PCL crystal-lization exotherm to higher temperatures in all compositions (see Fig. 4 ). In order to discard that any degradation of PCL is responsible for the increase of T c , we extracted the PCL from the PP/PCL 70/30 and 90/10 blends. The extraction was performed with chloroform at room temperature. Afterwards, PCL was precipitated by addition of cyclohexane. After agitation the solution was filtered and the solid rest was dried for 24 h in vacuum. A comparison of the DSC scans of the extracted PCL with a PCL homopolymer, treated in the same way, showed similar crystallization temperatures in both cases, indicating that the observed shift of the crystallization exotherm in Fig. 3 can only be attributed to a 'nucleating effect' of the PP on the PCL. Such effect could be caused either by migration of heterogeneities from PP (which have not to be the most active ones towards PP) to PCL during the melt-extrusion process or by epitaxy on PP crystals. Although much progress has been made in the understanding of nucleation due to the presence of a foreign second phase, the process is still not completely understood. Several explanations have been given. One of them accounts for the epitaxial growth of polymers on a foreign phase if the lattice parameters do not differ more than approximately 10 -15% [34] . Graphoepitaxy, which implies a pseudoepitaxy process induced by ridges or surface defects of the substrate, has also been proposed [7, 35, 36] . In the case of polymers, it is generally assumed that true epitaxy is the prevalent mode of nucleation, although it is well proven that surface topography can also determine the orientation of the growing polymer crystals [8] .
Nucleation of the PCL phase
Despite the great number of reports that have studied nucleation phenomena in semicrystalline polymer blends, only few works have treated this aspect in polymer blends containing PCL. Chaterjee and Price [37] reported the occurrence of PCL transcrystallinity on PP substrates. Kalfoglou et al. [27] mentioned, on the other hand, the possibility of co-crystallization and epitaxy between PCL and PE, but they did not show convincing results to corroborate it. Recently, Vancso et al. [8] studied PCL crystal growth on highly oriented PTFE fibrils. They demonstrated, by using AFM, that PTFE is an effective nucleating agent for PCL and that either true epitaxy or graphoepitaxy are possible. With respect to epitaxy, it was shown by Vancso et al. that it is possible due to a one-dimensional lattice mismatch (∆) of 12%, which is similar to the values reported for other polymer blend systems where this phenomenon could also be observed.
In the specific case of our blend system PP/PCL, a one-dimensional lattice mismatch of 12% is also obtained between a PCL and a PP dimensions (PCL: a = 7.47 Å, b = 4.98 Å, c = 17.05 Å; PP: a = 6.65 Å, b = 20.96 Å, c = 6.50 Å) [38] . Taking into account the considerations of Wittmann and Lotz [34] , this mismatch would allow epitaxial growth of PCL on PP with a corresponding nucleation effect. Fig. 5 shows an example that reveals how such epitaxy is reflected in the growth of the PCL superstructure from the surfaces of the PP domains. Picture 5a was taken after the sample was rapidly cooled down to 100°C and held at that temperature for 10 min, to crystallize most of the PP. Before taking picture 5b, it was cooled down from 100 to 60°C and held at that temperature for 30 min to guarantee complete crystallization of the PP phase. Finally, the same sample was cooled down to 30°C and the picture was taken to observe the PCL superstructure. In addition to the evident growth of the PCL on the PP surface, it could be observed that the PCL superstructure size was considerably reduced when compared to a PCL homopolymer. It should be noted that although nucleation has been reported for PCL/polyolefin blends, none of the works showed the magnitude of the T c changes or nucleation efficiency determinations, which has been one of the aims of the present work. In order to quantitatively evaluate the nucleation phenomenon we calculated the nucleation efficiency (NE). Usually, the efficiency of a nucleating agent can be characterized by two ways: a) in a DSC scan through the measure of the crystallization temperature increase, or, b) during an isothermal experiment, determining, e.g., the reduction of the half time for the crystallization. In these two cases the reference is the virgin polymer, without nucleating agent, but subjected to the same conditions as the polymer with the additive [39] [40] [41] . However, this evaluation has the disadvantage that the natural state of the polymer is used as reference, although this is not the state with the highest density of nuclei. According to Fillon et al., a more satisfactory evaluation requires the definition of an upper limit of nuclei density. Self-nucleation (SN) experiments are appropriate to generate a high nuclei density, since the remaining crystal fragments behave like ideal self-nuclei. Therefore, we used the method proposed by Fillon et al. [39] [40] [41] that evaluated the nucleation by using an efficiency scale calculated by DSC. In this case, the crystallization temperature of a polymer obtained from a standard cooling scan (sample without additives), T c1 , corresponds to the inferior nucleation limit, while the crystallization temperature of a selfnucleated sample (without showing annealing) of the same polymer, T c2max, corresponds to the superior limit. If T c is the crystallization temperature of the nucleated polymer, the nucleation efficiency can be defined as: 100 100
Thus, when nucleation efficiency is optimum a value of 100 is obtained. T c1 was obtained from the standard DSC cooling scan shown in Fig. 3 , and it has a value of 30.4°C. To obtain T c2max it was necessary to self-nucleate the PCL homopolymer. The procedure we employed was that described by Fillon et al. [39] :
-Erasure of the thermal history of the sample by heating it up to 120°C for three minutes. In this step only temperature-resistant heterogeneous nuclei remain.
-Creation of a 'standard' thermal history by cooling at a rate of 10°C/min to -10°C.
-Partial melting up to a self-nucleation temperature T s , and thermal conditioning at that temperature for 5 min. Depending on T s , according to the literature, the sample will be completely melted, only self-nucleated, or self-nucleated and annealed. If T s is too high, no self-nuclei or crystal fragments survive, then the sample is said to be under domain I or complete melting domain. When T s is high enough to melt the sample almost completely, but low enough to leave small crystal fragments that can act as self-nuclei during the subsequent cooling from T s , the sample is said to be under domain II or self-nucleation domain. When T s is too low, only part of the crystal population will be melted. Therefore, the unmolten crystals will be annealed during 5 min at T s , while the rest of the polymer will be self-nucleated during the subsequent cooling from T s . Then, the sample is said to be under domain III or self-nucleation and annealing domain.
-Cooling scan from T s at a rate of 10 °C/min down to -10°C. In this step the effects of thermal treatment will be reflected. If the polymer has been self-nucleated, a shift of the peak crystallization temperature to higher temperatures with respect to the standard cooling scan will be observed.
-Final melting by heating the sample from -10 up to 120°C at 10 °C/min. If the sample experienced annealing during the thermal conditioning at T s , a second, higher melting peak may be seen.
In Fig. 6a representative cooling and heating scans for PCL obtained after selfnucleation at four different SN temperatures, T s , are presented. From the cooling scans it was observed that at T s = 58°C the crystallization exotherm starts to be shifted to higher temperatures (from 30.4 to 31.8°C). Then, this temperature indicates the beginning of the self-nucleation process and defines the frontier between domains I and II. On the other hand, appearance in the heating scans of a small melting peak at high temperatures after conditioning at T s = 55°C indicates that at this temperature the sample was self-nucleated and annealed. Therefore, this temperature defines the frontier between domains II and III. Thus, T c2 max is the highest crystallization temperature obtained (36.1°C) before annealing takes place (i.e., after conditioning at T s = 55.2°C). Fig. 6b shows a 'standard' heating scan, on which domains I, II and III are depicted according to the changes observed after self-nucleation at different T s . In a previous work Balsamo et al. [42] . This is related to a better dispersion of PP (higher area/volume ratio) as could be corroborated by scanning electron microscopy (SEM). By varying the tacticity and melt flow index of the PP it is possible to increase the nucleation efficiency up to values of about 60% [33] . Fig. 7 shows the range of 'standard' DSC heating scans of PP/PCL blends where the PCL melts. This is basically a magnification of Fig. 1 to see the details of the PCL melting process for all compositions. When the PCL content is lower than 70% a depression of the PCL melting point (T m ) is observed and it is more marked as the PP content increases (see Fig. 8 ). A slight increase of T m is only observed when the PCL content is higher than 70%, i.e., the range where the nucleation efficiency is the highest. The depression of T m is unexpected since PCL is nucleated by PP in all compositions as shown before. Under the same reasoning of the nucleating effect, an increase of the PCL crystallinity should be expected. To the contrary, the normalized (with respect to the PCL content) degree of crystallinity diminishes about 6 -10% when the PCL content is lower than 70%. The depression of the melting point in polymer blends can be due to several reasons. It can be caused by the occurrence of chemical reactions between the components or degradation of one of them. In the specific case of the polymer blend under study we demonstrated through extraction experiments that this is not the case. Another typical explanation is the occurrence of miscibility. Taking into account the different chemical nature of the components this is not expected. There are, in fact, some studies that report immiscibility in polyolefine/PCL blends [25] [26] [27] , in spite of the reported existence of 'crystalline interactions', whose origin could not be determined [25] . Additionally to the standard DSC scans, we performed isothermal crystallizations to estimate the equilibrium melting point (T m o ) of selected compositions (PP/PCL 70/30 and 90/10) through the Hoffman-Weeks extrapolation method [43] . T m o values obtained for the two compositions are similar to that obtained for the PCL homopolymer (63.6 ± 0.3°C), which in turn is in agreement with values previously reported [44] [45] [46] . These results indicate that the PCL melting point depression observed in Figs. 7 and 8 cannot be attributed to thermodynamic effects associated to miscibility. We corroborated this by determining the glass transition (T g ) of the components in the blends through dynamic-mechanical analysis.
Melting point depression of the PCL phase
In Fig. 9 it can be observed that the T g 's obtained for the blends are located at about the same temperature as for the pure homopolymers (T g(PP) ≈ 3.8°C, T g(PCL) ≈ -60.0°C). This contrasts the results of Kalfoglou et al. [19] since they observed a shift of the PP glass transition to higher temperatures. For the PCL fraction in our blends a small shift of T g from -60.0 toward -63.9°C is observed due to a reduction of the crystallinity from 52% for the homopolymer down to 30 -35% in the blends [47] . This reduction of the crystallinity dominates over the possible increase of T g that could take place due to topological restrictions (due to confinement of the PCL disperse phase), especially if one considers that the molecular dimensions are much lower than the domain dimensions.
To find a reasonable explanation for the melting temperature depression, we performed DSC scans at different cooling rates for PCL and PP/PCL 70/30 and then, we heated them at 10 °C/min. Afterwards, we calculated the melting point variation In Fig. 10 the results obtained with Eq. (2) are plotted as a function of the cooling rate. As the cooling rate goes down there is a reduction of ∆T m . One could consider a limit in which 'rate 0' corresponds to an isothermal crystallization from which the ∆T m can be calculated from the corresponding equilibrium melting points (see open symbol). These results evidence that the depression of the PCL melting point in the blends can be attributed to kinetic factors. It seems that there should be diffusion problems for the chains to grow and thicken the crystals once they have been nucleated, when PCL forms the disperse phase. In fact, when PCL is the matrix, no reduction of its melting temperature is observed. Thus, a competition between nucleation and diffusion governs the global crystallization process in PP/PCL blends (nucleation contributes to accelerate it, but diffusion problems to slow it). Accordingly, this competition will be shown in the next section because PP/PCL 70/30 crystallizes faster than the PCL homopolymer (nucleation dominates), but PP/PCL 90/10 does it slower though the PCL fraction is nucleated by the PP, because diffusion problems dominate. Another interesting fact that should be mentioned is that the blend with 30% PCL (the case with the lowest PCL content where the growth of the PCL superstructure could be observed during an isothermal experiment in the polarizing optical microscope) exhibited 'banded spherulites' (see arrows in Fig. 11 ). Fig. 11 . Optical micrograph of PP/PCL 70/30. Bright and dark zones correspond to PCL and PP superstructures, respectively. PCL was crystallized at 40°C after isothermal crystallization of PP The formation of such kind of spherulites has been often reported in partially miscible polymers blends containing PCL [6, 48] or in block copolymers with a PCL block [45] . However, they have been also observed for PCL homopolymers under specific temperature conditions [49] or in low-molecular-weight PCL fractions [50] . While we observed such superstructures in the PCL crystallized in the blend, under our crystallization conditions, we did not observe banding in the PCL extracted from the same blend. Since a thermodynamic effect was rolled out due to the invariability of T m o , and a kinetic effect was detected, all these results allow us to speculate about the occurrence of migration of an additive present in the PP (e.g., a processing aid, since the PP used is a commercial product) towards the PCL phase. Then, under cooling, depending on cooling rate, this additive would induce the formation of banded spherulites because it could remain trapped in the interlamellar regions. To investigate this possibility, we prepared a PP/PCL 95/5 blend by using a PP without additives. The PCL in this blend exhibited crystallization and melting temperatures of 32.8 and 53.7°C, respectively, which are similar to those obtained with the other PP. This result leads us to discard that the peculiar effect of melting point depression after nucleation is caused by an additive and supports the idea that simultaneously to the nucleation effect of PP on PCL, there are topological restrictions in the PCL dispersed phases that perturb the lamellar thickening. This leads, in addition, to a reduction of the PCL degree of crystallinity. Nevertheless, it should be remarked that although certain physical restrictions have been previously reported as being the cause for the delay of crystallization in dispersed phases [51] , such diffusion problems are not usual in domains with micrometric dimensions that are formed by flexible chains. To investigate the magnitude of the kinetic effects we discuss in the next section the overall isothermal crystallization kinetics.
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Overall isothermal crystallization kinetics
To study the crystallization kinetics of the PCL fraction, we used the Avrami equation [46] :
where α(t) is the volumetric fraction of material that has crystallized at a time t, n is the Avrami exponent that depends on the nucleation and growth mechanisms, k is the overall crystallization rate constant, and t o represents the induction period for crystallization. Due to the usually conflicting results obtained after analysis of isothermal data applying the Avrami equation in a variety of polymer systems, we were very strict in the estimation of the different experimental parameters. This is reflected in linear correlation factors higher than 0.9998 for all experiments. We applied Eq. (3) to several conversion ranges, in order to be sure that did not take a range where secondary crystallization occurs. Theoretically, the Avrami index, n, should be an integer between 1 and 4, but due to crystallization complexity, n is often found as a decimal number, as is the case in Tab. 2. The origin of non-integer values is attributed to the fact that some assumptions made in the development of the theory are inaccurate, e.g., the assumption that the volume remains constant during crystallization and the fact that nucleation cannot occur by mixed mechanisms [47] . In addition, secondary crystallization and crystal perfecting processes are not taken into account. A diffusion-controlled growth can also produce fractional n values. In spite of these drawbacks, the Avrami equation has been widely used, mainly for comparison purposes. For pure PCL homopolymer, the Avrami index n is found between 3.2 and 2.4 from 38 to 45°C, in agreement with previous studies of Goulet et al. [52] that reported values of 3.5, 3.4, 2.5 and 2.7, for 40, 45, 47 and 49°C, respectively. Taking into account that this homopolymer exhibits spherulites in the optical microscope, the n values indicate a three-dimensional growth with a mixed nucleation mechanism [53] . For the PCL fraction of the blends, slightly lower n values are obtained due to nucleation of PCL by PP, which makes the process mainly instantaneous. In addition, diffusion problems could also contribute to a reduction of n. Such diffusion-controlled growth is usually corroborated by a monitoring of the superstructure growth through the time at a specific T c . However, the small size of the PCL domains (d n (70/30) = 10.6 µm and d n (90/10) = 2.6 µm) [33] and their high nuclei density in the blends hindered the determination of the growth rate. The variation of the relative amorphous fraction, 1 -α(t), for different compositions at low and high crystallization temperatures is presented graphically in Fig. 13 . From this figure and Tab. 2 it can be observed that:
-With 30% PCL: Nucleation dominates at low T c the whole crystallization process. But, as T c increases, crystallization rate is reduced in such way that a crossover between the curve for 70/30 and the curve for PCL takes place (see blue arrow in Fig. 12 ). In Fig. 14 a comparison of the times required to reach 10 and 90% of transformation also evidence the phenomenon. While such crosspoint occurs at about 80% of transformation liquid-solid at 44°C, it takes place earlier (at about 60% of transformation) at 46°C. Nevertheless, even in this latter case, it is possible to observe nucleation at the beginning of crystallization.
-With 10% PCL: Independently of the crystallization temperature, the nucleation effect of PP on PCL does not result in an increase of the global crystallization rate with respect to the PCL homopolymer. On the contrary, it can be observed that the time needed to crystallize is higher than that for pure PCL. These results can be related to the depression of the melting point previously discussed and corroborate that there are kinetic problems associated to the decreased phase size of PCL in the blends.
Conclusions
Even though PP/PCL blends are immiscible in the whole composition range, there is a series of phenomena that make the study of this blend system very interesting. Nucleation, fractionated crystallization and melting point depression are some of them.
PP acts as a nucleating agent for PCL in all compositions, an effect that is possible due to the relative small mismatch between the a dimensions of the crystalline lattices of both polymers. As the PP content is reduced, the higher surface/volume ratio increases the efficiency of PP as nucleating agent. Simultaneously, PP crystallizes in a fractionated fashion when it constitutes the disperse phase since the number of PP domains overwhelms the number of most active heterogeneities usually present in it.
In spite of the nucleating effect of PP on PCL, an unexpected depression of the PCL melting point and degree of crystallinity were obtained when PCL formed the disperse phase. Isothermal crystallizations and crystallizations at different cooling rates demonstrated that this can be attributed to kinetic restrictions within the PCL phases. Thus, the global crystallization process in these compositions is governed by a competition between nucleation and diffusion-controlled growth. This was also evidenced in the superstructure of the PCL fraction. The dominancy of one or the other is determined by crystallization temperature and composition. Thus, as the PCL phases are smaller, the global crystallization is increasingly influenced by kinetic problems.
